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ABSTRACT: Municipal wastewater is often treated at a centralized treatment facility 
based on Activated sludge Process (AsP) where the production of (excess) activated 
sludge (bio-solids) is mostly not desired and further sludge handling often contributes 
to a large fraction of the total operational cost, depending upon the applicable legis-
lation and/or sludge treatment and disposal practices. Further, the biological nutrient 
Removal (bnR) based on AsPs often pose extra cost due to the need for external car-
bon source (acetate, methanol etc.) for the optimal performance of denitrification and 
biological phosphorous removal. in this research, the excess sludge was ozonated and 
the filtrates were used in activity batch tests for anaerobic P-release, aerobic P-uptake 
and denitrification. Experimental results have shown that the ozone dose in the range of 
0.1–0.2 g o3/g Mlss leads to a good degree of bio-solids destruction (sludge reduction) 
resulting in highly biodegradable organics. The use of ozonated sludge at those ozone 
doses as carbon source in the activity tests revealed that the soluble biodegradable 
organics can be successfully used for improved denitrification and biological phospho-
rous removal. Further, the process cost analysis showed the economic feasibility under 
complete sludge treatment scenario, where about 42% of sludge reduction is achieved 
and about 30% of the total operational cost reduction may be possible under assumed 
conditions.
INTRODUCTION
ONE of the most important problems that municipal wastewater treatment plants (WWTPs) have been 
facing during last decades is the production of excess 
sludge, to be treated and disposed. The sludge treat-
ment and disposal can contribute to a large fraction 
the total costs of WWTPs [13, 15, 19, 23]. Further, the 
Biological Nutrient Removal (BNR) based activated 
sludge systems often pose extra cost due to the need 
for external carbon source (Acetate, methanol etc.) for 
optimal performance of denitrification and biologi-
cal phosphorous removal. Several advance oxidation 
methods, including ozonation, have been studied for 
their sludge reduction and biodegradable materials 
production capacity which can be used to support the 
need for external carbon source in the denitrification 
processes [18]. 
The lysis-cryptic growth concept has been widely 
applied to study the sludge yield reduction. Several 
techniques for sludge disintegration to induce cryptic 
growth have been studied including thermal, chemical, 
and advanced oxidation treatment. However, sludge 
ozonation is considered to be one of the most success-
fully applied technology at both, lab and full-scale, 
for sludge reduction purposes [1, 15, 19]. Due to the 
strong oxidative character of ozone, the bacterial cell 
membranes get ruptured during sludge ozonation and 
the internal materials are released into the bulk liquid. 
This lysis process produces a new substrate available to 
be degraded in subsequent biological processes, so that 
the overall sludge yield in the system is reduced. The 
development of the new integrated process i.e. ozona-
tion of sludge and further biological degradation has 
been studied and applied showing promising results on 
the reduction of excess sludge from WWTPs [6, 9, 12, 
21]. As a consequence of the good performance of the 
new process approach, the ozonation of sludge has been 
also effectively included in activated sludge systems at 
full-scale [16, 20]. The reduction of activated sludge 
and various facets of the process integration have been 
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recently studied [4, 5, 7, 14, 17]; however, the inves-
tigation of the use of ozonated sludge as substrate in 
nutrient removal is limited. Also, little is known about 
the activity of the microorganisms regarding biological 
nutrient (nitrogen and Bio-P) removal. This paper aims 
to show the potential of sludge ozonation to reduce the 
excess sludge production at WWTPs, and the simulta-
neous use of the ozonated sludge as carbon source in 
nutrient removal processes.
MATERIALS AND METHODS
The activated sludge used in the experiments was 
taken from the Hoek van Holland municipal WWTP 
located in the Netherlands. The sludge was stored at 
4°C to prevent any change in its composition. Prior to 
any experiments, the sludge was refreshed by stirring 
and aeration with a small volume of influent from the 
same WWTP. In the first phase of the experimental 
work, sludge ozonation tests were carried out. In the 
second phase of the experimental work, biological ac-
tivity tests were carried out to study the influence of 
using ozonated sludge filtrate on biological nutrient 
removal processes. 
Ozonation of Activated Sludge
The ozonation setup (Figure 1) consisted of an 
ozone generator (Trailigaz Ozonizer, LABO LO) and 
an ozone contactor including 1 L reactor, a diffuser, a 
magnetic stirrer, a metal stirring device, two ozone trap 
bottles with 4% KI solution each for the determination 
of the ozone gas strength going into the sludge sample 
(trap bottle A), and for the determination of the ozone 
gas that did not react with the sample (trap bottle B). 
The properties of sludge and the ozonation parameters 
have been summarized in Table 1.
Two ozonation experiments (Run 1 and Run 2) were 
carried out up to a maximum duration of 6 hours (Table 
1). The results from first ozonation experiment were 
used to investigate the influence of ozonation on the 
properties of mixed liquor at various ozone doses. At 
the end of first ozonation experiment, up to a maximum 
dose of 0.17 g O3/g MLSS, ozonated sludge was col-
lected to be used for the biological activity tests related 
with biological phosphorous removal. The second ozo-
nation experiment was carried out up to a maximum 
dose of 0.16 g O3/g MLSS. For the second ozonation 
experiment, the analyses of intermediate samples are 
not reported in this paper. At the end of second ozona-
tion experiment, ozonated sludge was collected to be 
used for the biological activity tests related with bio-
logical nitrogen removal (Nitrification-Denitrification). 
The ozonated sludge samples (at doses 0.17 g O3/g 
MLSS and 0.16 g O3/g MLSS) were filtered (0.45 mi-
cron GF/C whatman filter) and the filtrates were subse-
quently used for the biological activity tests as carbon 
source (Bio-P and denitrification). Prior to the activ-
Figure 1. Schematic diagram of gas flow for the ozonation setup.
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ity tests, the filtrate of ozonated sludge was subject to 
chemical precipitation with FeCl3 to remove all the 
phosphorus released during ozonation. Single analysis 
for each parameter was carried out and all the param-
eters were analyzed as per standard methods [3]. 
Activity Tests
The filtrates of ozonated sludge samples were used 
for the biological activity tests as source of carbon for 
Bio-P and denitrification activities. A double jacketed 
laboratory glass batch reactor with a working capacity 
of 1 L was used for the activity tests which were run at 
laboratory hall temperature (≈20°C) due to the practi-
cal purposes of this research. The bio-reactor was pro-
vided with ventilation, nitrogen gas and compressed 
air supply (depending on the need for anoxic or aero-
bic condition), a stirring device and the corresponding 
sampling point. Prior to the activity tests, the filtrate 
of ozonated sludge was subject to chemical precipita-
tion with FeCl3 to remove all the phosphorus released 
during ozonation. All the parameters were analyzed as 
per standard methods ([3]). Two types of biological 
activity tests were carried out to study the biological 
phosphorous removal (Bio-P) and biological nitrogen 
removal. The ozonated sample with a dose of 0.17 g 
O3/g MLSS had been used for Bio-P tests and that with 
a dose of 0.16 g O3/g MLSS had been used for nitrogen 
removal tests. 
The biological phosphorus removal batch test con-
sisted of an anaerobic phase where the substrate is fully 
consumed as the phosphorus is released, followed by 
an aerobic phase where the phosphorus is uptaken. 
Each phase lasted for 2 hours and the mixed liquor 
was continuously sampled and analysed to determine 
the acetate (for the blank test) and phosphorus concen-
trations. In case of the nitrogen removal batch tests, 
it consisted of an aerobic phase (nitrification) where 
ammonia is oxidised to nitrate, followed by an anoxic 
phase (denitrification) where the nitrate produced be-
fore is reduced to nitrogen gas. Each phase lasted for 
1 hour and the mixed liquor was continuously sampled 
and analysed to determine the ammonia and nitrate 
concentrations. The anoxic and anaerobic conditions 
were maintained by means of nitrogen gas supply. The 
substrate was fed in a pulse mode at the beginning of 
the anaerobic phase for the phosphorus release, and 
at the beginning of the denitrification step. The initial 
substrate concentrations set in the reactor were the 
same in all cases (16 mg COD/L). For the first part 
of the nitrogen removal test i.e. nitrification, the am-
monium concentration was set at 15.4 mg NH4-N/L in 
the reactor to promote nitrate formation. The artificial 
ammonia (as (NH4)2CO3) was added externally to sup-
ply sufficient nitrogen for the nitrification activity test. 
The details of the experimental protocol have been de-
scribed elsewhere [10].
RESULTS
Ozonation of Activated Sludge
As a result of first sludge ozonation, the ozone doses 
varied from 0.03 to 0.17 g O3/g MLSS. The lysis of 
the sludge induced by ozone is reflected in the evident 
reduction of the solids content in the activated sludge, 
and the increase in the soluble fraction of the sludge 
with ozone dose. In effect, the reduction of the amount 
of solids in the mixed liquor was up to 42% at 0.13 g 
O3/g MLSS dosage.
Nevertheless, the efficiency of the sludge reduction 
is achieved at certain optimal ozone beyond which the 
ozone not only disintegrates the biomass cells but also 
mineralizes the soluble organics. Figure 2(a) shows 
the total and soluble COD trends during ozonation of 
sludge at different dosages. It can be observed that the 
total COD of the ozonated sludge decreases with ozone 
dose resulting in a higher soluble COD fraction. The 
total COD decreased from 5,477 mg/L to 3,910 mg/L 
at 0.13 g O3/g MLSS, while the soluble COD content 
increased from 153 mg/L to 1,327 mg/L at the same 
dose. If a COD mass balance is applied to the ozonated 
sludge samples, the total COD decrease with ozone 
dose increase indicates that part of it was mineralized 
into CO2. Regarding other soluble components present 
in the filtrate of ozonated sludge, Figure 2(b) depicts the 
trends for the ammonia, nitrate, phosphate and sulphate 
concentrations found in the filtrates at different doses. 
As it can be seen, the most remarkable changes took 
place over the ammonia and phosphate components. 
Their concentrations peaked at 0.03 g O3/g MLSS dose 
Table 1. Properties of Activated Sludge and 
Ozonation Parameters.
Sludge Properties Ozonation Parameter Run 1 Run 2
Mlss, mg/l 4,010 o3 concentration, mg/l 19.1 19.1
Mlvss, mg/l 3,000 Transfer efficinecy, % 66.3 61.9
Total coD, mg/l 5,477 o3 flow rate, L/h 9.08 9.08
Filtrate coD, mg/l 155 ozonation duration, h 6 6
Mlss/Mlvss 0.75
ozone dose, g o3/g 
Mlss 0.17 0.16
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achieving values of about 17 mg NH4-N/L and 86 mg 
PO4-P/L, respectively. On the other hand, the nitrate 
and sulphate concentrations remained almost the same, 
showing very little variation with ozone dose increase.
Activity Tests
Although the optimal ozone dose appeared to be 
0.13 g O3/g MLSS (Figure 2), the filtrate obtained from 
ozonated samples at higher ozone dose were used in 
the biological activity tests. The activity tests solely 
aimed at the investigation of the influence of using 
ozonated sludge (as carbon source) on the performance 
of biological nutrient removal processes. The filtrates 
of ozonated sludge at 0.17 g O3/g MLSS and 0.16 g 
O3/g MLSS ozone doses were used as substrate for bio-
logical phosphorus removal and denitrification batch 
tests, respectively. The results from the activity tests 
show that the filtrates were efficiently used as carbon 
source for the P-release and nitrate reduction. The re-
sults shown in Figure 3(a) indicates that the filtrate of 
ozonated sludge at 0.17 g O3/g MLSS dose lead to the 
release of orthophosphates into the bulk liquid from 
4.96 mg PO4-P/L to 9.34 mg PO4-P/L at the end of the 
anaerobic phase. The specific anaerobic P-release was 
found to be 1.46 mg PO4-P/g VSS, and the specific P-
uptake was 2.55 mg PO4-P/g VSS during the aerobic 
stage. Therefore, the net P removal in the process was 
1.09 mg PO4-P/g VSS. For the denitrification batch test 
using ozonated sludge as carbon source, the test was 
carried out just after the corresponding nitrification test 
using a combined ammonia substrate (ammonia from a 
synthetic medium mixed with ozonated sludge filtrate, 
as described earlier). Accordingly, Figure 3(b) con-
firms that the nitrate formed during nitrification was 
reduced from 12.08 mg NO3-N/L to 5.26 mg NO3-N/L 
with organic carbon from the ozonated sludge filtrate 
as electron donor.
Figure 3. Activity tests (a) Anaerobic P-release and aerobic P-uptake trend with ozonated sludge as substrate (0.17 g O3/g MLSS); (b) NH4-N 
oxidation (nitrification) and NO3-N reduction (denitrification) trend with ozonated sludge as substrate (0.16 g O3/g MLSS).
Figure 2. Concentrations variation during ozonation (a) COD, (b) NH4-N, NO3-N, PO4-P, SO4.
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Process Analysis for Sludge Reduction
A process analysis for the assessment of the potential 
sludge reduction by means of activated sludge ozona-
tion was carried out. A typical nitrification-denitrifica-
tion enhanced biological phosphorus removal process 
(NDEBPR) was selected with an A2O (anaerobic/
anoxic/aerobic) process configuration ([8]). It corre-
sponds to a 75,000 P.E. (15000 m3/d) fictitious WWTP 
treating municipal sewage. The process analysis was 
carried out using the typical data for the design of 
NDEBPR system [8] and cost calculations correspond 
to Western European situation with data from various 
sources (e.g. [4]; electricity cost 0.07 €/kWh etc.). In 
this context, three systems were conceived: a typical 
NDEBPR, a NDEBPR with external carbon addition 
(acetate), and a NDEBPR with carbon addition from 
ozonated sludge. In the latter, a chemical phosphorus 
precipitation unit was included to avoid the recircula-
tion of the phosphorus released during ozonation into 
the biological process (Figure 4). Finally, the opera-
tional costs with regard to energy consumption, exter-
nal carbon source, ozone production and maintenance, 
and sludge handling costs of the three systems were 
calculated for comparison. The processes were de-
signed following the principles and assumptions of the 
mixed culture steady state model [8], where the main 
control parameter was the phosphorus concentration in 
the effluent (<1 mg P/L). Further, the sludge handling 
in all the systems included a complete sludge treatment 
scenario viz. conditioning, dewatering, drying, incin-
eration and ash disposal. Figure 4 depicts the NDEBPR 
system including the recirculation of the ozonated ex-
cess sludge into the biological process at the dose of 
0.13 g O3/g MLSS. 
Table 2 shows the cost analysis for the three systems 
(Options 1, 2 and 3) considered in this research. It can be 
seen that when ozonation of sludge is integrated, there 
is a mass reduction of 41.9% in terms of kg MLSS/day. 
On the other hand, although the COD load increased for 
systems 2 and 3 in order to achieve a phosphorus con-
centration in the effluent lower than 1 mg/L, the oxygen 
consumption and the energy required for the biological 
treatment does not increase significantly. Regarding the 
operational costs, the item for ozone production was dif-
ferentiated with regard to the oxygen source i.e. com-
pressed air or liquid oxygen. In case the ozone is pro-
duced from air, the energy required is 54% higher than 
that from pure oxygen. However, the two options where 
ozonation is included resulted more economical than the 
conventional system. In the first case, the operational 
cost of the system with ozonation from air was 31.4% 
lower, while in the second case 30.6%. Moreover, the 
NDEBPR + O3 systems were even cheaper than the sys-
tem where acetate was added as external carbon source. 
The chemical phosphorus precipitation unit included in 
the last system was not taken into account in the analy-
sis, since the P-rich sludge produced may be seen as a 
P-source from which it can be recovered resulting in ad-
ditional benefit.
Figure 4. NDEBPR system with addition of ozonated sludge filtrate (option 3).
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DISCUSSION
Ozonation of Activated Sludge
It can be observed in the Figure 2(a) that as the ozone 
dose increases, the soluble COD concentration rises 
and the total COD concentration drops. Nevertheless, 
at ozone doses as low as 0.03 g O3/g MLSS the soluble 
COD concentration increase rate was very slow and so 
was the total COD decrease. It seems that the initial 
soluble COD concentration in the untreated sludge was 
considerable (153 mg/L) so that the ozone first miner-
alized this soluble fraction, and subsequently, it acted 
over the particulate fraction or biomass. At this stage, 
when dosages ranged from 0.03 to 0.13 g O3/g MLSS 
the soluble COD had a significant increase. However, 
at ozone doses above 0.13 g O3/g MLSS the soluble 
COD concentration increase was not significant any-
more. The results suggest that at the dosages higher 
than 0.13 g O3/g MLSS, the ozone not only solubilises 
the sludge, but it starts to mineralize the existing sol-
uble organics in the medium, decreasing its efficiency 
for sludge disintegration.
Activity Tests
Regarding the P-removal batch tests using substrate 
produced during sludge ozonation, the results show 
that the ozonated sludge filtrate was effectively used as 
carbon source in the anaerobic stage of the Bio-P tests 
[Figure 3(a)]. The objective of ozonation should aim at 
the RBCOD formation optimization avoiding its min-
eralization as much as possible. The results shown in 
Figure 3a indicate undeniably that there has been P-re-
lease in the anaerobic phase using ozonated sludge. In 
addition, under anaerobic conditions the phosphorous 
accumulating organisms (PAOs) can only store volatile 
fatty acids (VFAs) as internal PHA [8]. Presumably, 
the RBCOD present in the supernatant of ozonated 
sludge is apparently similar to the fermentable COD 
in sewage. Since the acetate formation or acidogenesis 
is the most rapid conversion step in the anaerobic food 
chain ([8]), any VFA formed by fermentative bacteria 
is accumulated in the process, being rapidly stored by 
PAOs. Therefore, the only answer to why there was P-
release in the anaerobic stage, even though VFA was 
not measured in the ozonated sludge supernatant, is 
that when ozonated sludge is used as substrate during 
the P-release process, the fermentation of soluble and 
colloidal organics as result of ozonation might be the 
key step for PAOs P-release. However, more research 
will be required to clearly understand the types of or-
ganics generated from the ozonation and the possible 
formation of VFAs supporting the metabolic activities 
of PAOs.
Regarding the nitrogen removal process, organic 
carbon source is certainly needed for denitrification 
purposes. Earlier studies have obtained good denitri-
fication rates using thermally or chemically disinte-
grated sludge i.e. hydrolysate as carbon source [11]. 
In this study, the ozonated sludge was confirmed to 
be a suitable carbon source for the nitrate reduction 
into nitrogen gas. Moreover, a relationship between 
the ozone dose and the denitrification degree can be 
expected during the denitrification experiments, as 
the ozone dose increases, the nitrate removal could 
be more significant due to enhancement in biodegrad-
ability [10]. However, since the suitability of ozon-
ated sludge for denitrification is due to its biodegrad-
ability (high RBCOD fraction), the optimal ozone 
Table 2. The Summary of Operational Costs for an A2O Process Configuration.
Item Unit
NDEBPR 
(1)
NDEBPR + HAc 
(2)
NDEBPR + O3
(3)
Air Pure Oxygen
Sludge waste flow m3/d 1,165 1,165 891 891
Daily sludge waste production kg MLSS/d 11,421 11,421 6,636 6,636
Operational Costs
energy for biological treatment €/year 153,811 153,811 155,978 155,978
external carbon source €/year – 8,343 – –
sludge treatment and disposal €/year 4,796,766 4,796,766 2,787,148 2,787,148
energy for ozone production €/year – – 477,847 220,714
oxygen for ozone production €/year – – – 223,817
ozonation yearly maintenance €/year – – 15,576 8,397
Total Operational Costs €/year 4,950,577 4,958,920 3,436,549 3,396,055
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dose must be well determined. Some researchers indi-
cated that the supernatant of ozonated sludge includ-
ing the colloidal and soluble COD is well accepted as 
carbon source for denitrification processes regardless 
the ozone dose [2, 14, 22]. The influence of ozone 
dose on nature of generated organics that can be used 
as carbon source in the denitrificaiton process needs 
further research. Further, during denitrification in real 
WWTPs, three phases are recognized each one with 
its respective nitrate removal rate: the denitrification 
based on the RBCOD, the second rate is determined 
by the slowly biodegradable COD (SBCOD), and the 
slowest rate takes place under endogenous conditions. 
As it can be observed in Figure 3(b), the first and sec-
ond denitrification rates are visible, indicating that 
at certain point in time during the anoxic phase, the 
RBCOD supplied either acetate or ozonated sludge 
supernatant was finished, and the SBCOD available 
in the mixed liquor started to be consumed by denitri-
fiers. A complete understanding of the various phases 
of SBOD consumption during denitrification process 
needs further dedicated research. 
Process Analysis for Sludge Reduction
From the ozonation experiment at various dosages 
[Figure 2(a)], the ozone dose of 0.13 g O3/g MLSS 
was reasoned to be optimal. Following the calcula-
tion at this dose, the amount of energy required to 
produce ozone from air was found to be higher than 
when pure oxygen is used (Table 2). In addition, the 
need of oxygen source for the latter is offset by the 
energy consumption. It is also clear from Table 2 that 
the most affected parameter when ozonation is part 
of the system is the amount of solids generated. Re-
gardless the type of gas source to produce ozone, the 
integrated system 3 produced lower amount of solids 
per day. Therefore, the costs for sludge treatment and 
disposal (complete process) decreased significantly 
when compared to the typical NDEBPR system with-
out ozonation. Hence, taking into account all the 
items from the operational cost analysis in this study, 
the NDEBPR + O3 systems (option 3) had significant-
ly lower operational costs. 
The analysis shows that the ozonation of sludge 
is still a feasible option in terms of operational costs 
in small WWTPs, provided that the sludge handling 
comprehends a complete treatment and final ashes 
disposal. This is attributed to the fact that the sludge 
management at full-scale WWTPs can make up to 
60% of the total operational costs [13, 15, 18, 23] and 
if the excess sludge to be treated can be reduced sig-
nificantly, the overall operational costs will also be 
reduced significantly. However, this study does not 
take into account various other factors such as capital 
cost of required infrastructure if the presented concept 
is to be applied at a full scale wastewater treatment 
plant. Moreover, the operation and control systems 
would require improvement or adaptation. Though, 
these concerns are very much common when retrofit-
ting of existing wastewater treatment facilities is con-
sidered aiming at advanced wastewater treatment and 
process optimisation. 
CONCLUSIONS
Following conclusions can be drawn:
• The reduction of excess sludge by means of ozona-
tion appears to be feasible. The sludge solubilisation 
increases up to an optimum ozone dose after which 
its efficiency starts to deteriorate. The optimal ozone 
dose for the most efficient sludge solubilization was 
found to be about 0.13 g O3/g MLSS. Further, it ap-
pears that at dosages higher than 0.13 g O3/g MLSS, 
the ozone not only solubilises the sludge, but also 
starts to mineralize the existing soluble organics in 
the bulk MLSS, decreasing its efficiency for sludge 
disintegration.
• The filtrate of ozonated sludge was effectively used 
as carbon source for biological phosphorus removal 
and denitrification processes. Activity test con-
ducted with ozonated sludge filtrate at 0.17 g O3/g 
MLSS ozone dose leads to anaerobic phosphorus re-
lease indicating that the possible presence of VFAs 
in the ozonated sludge. The use of ozonated sludge 
filtrate as organic carbon source for denitrification 
showed the nitrate removal (ozone dose of 0.16 g 
O3/g MLSS). 
• In the process analysis for sludge reduction, activat-
ed sludge recirculation into the anaerobic reactor via 
ozonation, at an ozone dose of 0.13 g O3/g MLSS, 
leads to an excess sludge reduction of 41.9%. Fur-
thermore, as a result of the operational costs analy-
sis a reduction of 31% was estimated regardless the 
oxygen source for the ozone production. It can be 
reasoned from the literature and this research that 
the overall optimum ozone dose (for the integrated 
system discussed) should fall in the range of 0.1 to 
0.2 g O3/g MLSS for the typical excess sludge from 
municipal WWTP.
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